ABSTRACT Three mantid species, Tenodera aridifolia (Stoll), Hierodura patellifera (Serville), and Statilia maculata Thunberg, of varying body size and habitats, exhibited defensive reactions when faced with a natural enemy, the Japanese skink, Takydromus tachydromoides (Schlegel). Defensive reactions were analyzed as primary or secondary defenses for all stages. Of the primary defenses, the cryptic reaction was the main defensive reaction: mantids lowered the prothorax and simultaneously stretched the prothoracic legs, the antennae were arranged forward, and the abdomen was sometimes extended posteriorly. The frequency of the subcryptic reaction as a primary defense tended to increase with more advanced developmental stage. The primary defensive strategy switched at speciÞc developmental stage and also depended on the distance between the prey mantid and the natural enemy. In some instars, T. aridifolia and H. patellifera displayed the cryptic reaction when the mantidÐfoe distance was long, whereas they displayed the subcryptic reaction when the mantidÐfoe distance was short. However, S. maculata did not switch defense strategies based on the mantidÐfoe distance. The secondary defenses of young instar nymphs of T. aridifolia and H. patellifera were primarily defensive reactions, whereas the frequency of aggressive reactions tended to increase with developmental stage. S. maculata did not display aggressive reactions during any stage. We concluded that the primary and secondary defenses used by mantids depend on the developmental stage and mantidÐfoe distance. Moreover, three mantid species that vary in both body size and habitat showed different defensive reactions when faced with a natural enemy.
Mantids developed characteristic and complex defense mechanisms, which range from simple reßexes to intricate behavioral patterns (Sharp 1899; Varley 1939; Cott 1940; Crane 1952; Clark 1962; Robinson 1969a,b; MacKinnon 1970; Maldonado 1970; Maldonado et al. 1970; Balderrama and Maldonado 1971; Edmunds 1972; Loxton 1979; Edmunds and Brunner 1999) . Crane (1952) described the defensive behavior of 15 species of praying mantids from Trinidad, noting that all species exhibited a protective resemblance (crypsis) to their background. When discovered by a predator, mantids either attempt to actively escape by running or ßying, or they adopt a dramatic posture called a startle display. The cryptic reactions of mantid larvae also have been examined (Crane 1952 , Edmunds 1972 ; however, these descriptions did not identify the instar or consider the distance between the prey mantid and the natural enemy (i.e., the mantidÐfoe distance; Balderrama and Maldonado 1973) . For the praying mantis species Stagmatoptera biocellata Saussure, the frequency of the deimatic reaction seems to depend on the mantidÐfoe distance (Balderrama and Maldonado 1973) . For instars that display both reactions, the choice between the deimatic and cryptic reaction also depends on the mantidÐfoe distance (Balderrama and Maldonado 1973) .
Successful predation involves several steps: detection, identiÞcation, approach, subjugation, and consumption (Endler 1986 ). The most effective antipredator defenses are those that stop predation early, during the detection and identiÞcation steps. Such strategies are termed primary defenses (Robinson 1969a) and are adaptations that reduce the probability of a predator initiating a prey-capture attempt. Secondary defensive adaptations prevent later stages of an attack (Robinson 1969a) . Secondary defenses are essentially postdetection defenses that render an encounter unproÞtable for a predator (Edmunds 1974) .
Although research on the defensive behavior of praying mantids began during the middle of the 19th century, it took an additional 100 yr to realize that speciÞc behavioral changes occurred during postembryonic development (Balderrama and Maldonado 1973) . To date, no relevant research has investigated such changes. Moreover, studies examining the role of primary and secondary defenses as the main defensive strategies of mantids have been scarce. Therefore, our objective was to evaluate the defensive strategies against a natural enemy of different stages of three mantids species that varied in body size and originated from different habitats. In addition, we examined the effect of the mantidÐfoe distance on primary defensive behavior.
Materials and Methods
Insects. All mantids and the Japanese skink, Takydromus tachydromoides (Schlegel), were maintained in the laboratory at 26 Ϯ 0.5ЊC, 50% RH, and a photoperiod of 12:12 (L:D) h. In this experiment, the three mantid species were chosen because of variation in both body size and habitat.
Tenodera aridifolia (Stoll). This species prefers meadows as its natural habitat. The body length of T. aridifolia is the largest of the three study species. Eighty nymphs were reared in plastic cages (12.5-cm top diameter by 10-cm bottom diameter by 10 cm in height) until the sixth instar. Nymphs were fed fruit ßies Drosophila sp. (Drosophila sp., Sphero Aqua Company, Shizuoka, Japan) until the third instar was reached. Fourth-and Þfth-instar nymphs were fed the cockroach Blattella germanica (L.). Sixth instar nymphs were moved individually to acrylic Þber cages (10 cm in diameter by 20 cm in height) whose top and side openings were covered with screen to enable nymphs to walk and molt. Sixth instar nymphs and adults were fed house crickets, Acheta domesticus (L.) (Sphero Aqua Company). Prey items were supplied to each mantid every other day, ensuring adequate nutrition. Drinking water was sprayed on the cages several times every other day.
Hierodura patellifera (Serville). This species inhabits meadows or trees, and its length is intermediate of the three mantid species. Forty-eight nymphs were reared in plastic cages (12.5-cm top diameter by 10-cm bottom diameter by 10 cm in height) until the sixth instar. Sixth instars nymphs were placed individually in acrylic cages (10 cm in diameter by 20 cm in height). Other rearing methods were the same as those of T. aridifolia.
Statilia maculata (Thunberg). This species tends to be ground-dwelling, and its length is the smallest of the three study mantids. Forty-two nymphs were reared in individual plastic cages (12.5-cm top diameter by 10-cm bottom diameter by 10 cm in height) until adulthood. The top and side openings were covered with screen to enable nymphs to walk and molt. Nymphs were fed fruit ßies Drosophila sp. (Sphero Aqua Company) until the fourth instar. Fifth instar nymphs and adults were fed the cockroach B. germanica. Prey items were supplied to each mantid every other day, ensuring adequate nutrition. Drinking water was sprayed on the cages several times every other day.
Takydromus tachydromoides (Schlegel). Adults of the Japanese skink were collected in the Þeld at the Nara campus, Kinki University, in April 2008. The average body length was Ϸ15 cm. The skinks are commonly found in the same habitats as mantids and are considered their dominant natural enemy. Animals were reared in a plastic case (20 cm in length by 38 cm in width by 26 cm in height).
Four Mantid Posture Categories. The cryptic reaction involves lowering the prothorax and simultaneously stretching the prothoracic legs forward; the antennae are arranged forward, and the abdomen is slowly stretched backward, appearing to the natural enemy as if it was unrolling. The mantid then presses itself down to the ground (Fig. 1A ). In the subcryptic reaction, the prothorax is slightly lowered and the forelegs are pulled under the prothorax; the antennae are arranged forward (Fig. 1B) . The normal posture is to pull the forelegs under the prothorax, and antennae are arranged upwards (Fig. 1C) . The deimatic posture is to turn toward the enemy with the prothoracic legs held close to the thorax at an angle of 180Њ to each other; the antenna is directed toward the enemy, and the wings are partially raised (Fig. 1D) .
Primary Defenses at All Stages and at Varying Mantid-Foe Distances. Experiments were conducted in the laboratory using T. tachydromoides as a natural enemy. An individual mantid was placed in a plastic cage (20 cm in length by 20 cm in width by 22 cm in height) on a sidewall covered with screen as a foothold, and an adult T. tachydromoides was released into the cage ( Fig. 2A) . At short mantidÐfoe distances, the head of the mantid was directed downward on a screen, and the distance from the base of the cage was 5 cm. There were no screens on the sidewall below the mantidÕs body, which prevented direct attack by the natural enemy. At the long mantidÐfoe distance, the distance between the head of the mantid and the base was 10 cm. The natural enemy could only move in a horizontal direction on the base of the cage, because it was unable to move to the sidewall without footholds ( Fig. 2A) . The reaction of the mantid to the passing natural enemy was observed and categorized into cryptic and subcryptic reactions. However, we did not measure the duration of each behavioral component. We observed the instantaneous response of mantids exposed to predators.
Logistic regression analysis was conducted to examine the effect of mantidÐfoe distance, developmen- tal stage, and their interaction on the frequency of the cryptic reaction. A Tukey-type multiple comparison test was used to compare the frequency of the cryptic reaction among stages (Zar 1999) . Each individual mantid was tested at all stages and at both mantidÐfoe distances.
Secondary Defenses at All Stages. Experiments were conducted using T. tachydromoides as a natural enemy in the laboratory. An individual mantid was placed on the sidewall in the plastic cage (20 cm in length by 20 cm in width by 22 cm in height), and a T. tachydromoides was released into the cage (Fig. 2B) . The head of the mantid was directed downward on a screen, and the distance from the base was 10 cm. The natural enemy was able to move in the direction of the mantid by walking on the screen along the sidewall (Fig. 2B) . Secondary defenses are considered reactions occurring at a very short distance (Ϸ1 cm) after the mantid is approached by the natural enemy. The reactions were categorized into escape and cryptic, subcryptic, deimatic, and attack behavior. These behaviors were further classiÞed into defensive reactions (i.e., escape, cryptic, and subcryptic reactions) and aggressive reactions (i.e., deimatic and attack reactions). However, we did not measured the continuance time of behavioral reaction. The frequency of secondary defenses was analyzed using logistic regression analysis to test for changes with developmental stage. A Tukey-type multiple comparison test was used to compare of the frequencies of defensive reactions among stages (Zar 1999) . Logistic regression analysis was performed using SPSS 14.0 for Windows (SPSS Inc., Chicago, IL). Each individual mantid was tested at all stages.
Results

Primary Defenses in Relation to Developmental
Stage and Mantid-Foe Distance. The logistic regression analysis indicated that the frequency of the cryptic reaction of T. aridifolia and H. patellifera was signiÞcantly affected by both mantidÐfoe distance and developmental stage ( Table 1 ). The interaction of the two factors was not considered because its effect was not signiÞcant in a preliminary analysis for T. aridifolia (Wald ϭ 1.08, df ϭ 1, P ϭ 0.3; n ϭ 31) and for H. patellifera (Wald ϭ 2.25, df ϭ 1, P ϭ 0.134; n ϭ 26). The frequency of the cryptic reaction of S. maculata was not affected by mantidÐfoe distance but was signiÞcantly affected by developmental stage. The interaction between the two factors was not considered, because its effect was not signiÞcant in a preliminary analysis (Wald ϭ 0.4, df ϭ 1, P ϭ 0.527; n ϭ 22).
The cryptic reaction of T. aridifolia was the main defensive strategy of Þrst-, second-, third-, and fourthinstar larvae. The frequency of the subcryptic reaction tended to increase with advanced developmental stage after the Þfth instar, regardless of the mantidÐ foe distance (Fig. 3A) . The cryptic reaction of H. patellifera was the main defensive strategy for Þrst, second, and third instars. The frequency of the subcryptic reaction tended to increase with develop- Fig. 2 . Behavioral experimental setups examining primary and secondary defenses. (A) Primary defenses. At the short mantidÐfoe distance, the distance between the head of the mantid and the base was 5 cm. At the long mantidÐfoe distance, the head of the mantid was directed downward on a screen, and the distance from the base was 10 cm. (B) Secondary defenses. The head of the mantid was directed downward on a screen, and the distance from the base was 10 cm. Secondary defenses were considered to be reactions that occurred at a very short distance (Ϸ1 cm) after the mantid was approached by the natural enemy. mental stage after the fourth instar, regardless of the mantidÐfoe distance (Fig. 3B) . The frequency of the subcryptic reaction of S. maculata increased with developmental stage, and overall, the subcryptic reaction was the main defensive strategy for all stages (Fig. 3C ). . 3 . Frequency (percentage) of the cryptic reaction as a primary defense at long and short mantidÐfoe distances in relation to larval developmental stage in three mantid species: T. aridifolia (n ϭ 31; A), H. patellifera (n ϭ 26; B), and S. maculata (n ϭ 22; C). Curves were calculated from the results of logistic regression analysis. L1, L2, L3, L4, L5, L6, L7, and A indicate Þrst-, second-, third-, fourth-, Þfth-, sixth-, and seventh-instar nymphs and adults, respectively. Primary defenses of T. aridifolia shifted from the cryptic to the subcryptic reaction after the sixth instar at the long mantidÐfoe distance and after the Þfth instar at the short mantidÐfoe distance. Primary defenses of H. patellifera shifted from the cryptic to the subcryptic reaction after the Þfth instar at the long mantidÐfoe distance and after the fourth instar at the short mantidÐfoe distance (Table 2, top). Primary defenses of S. maculata did not signiÞcantly change according to mantid-foe distance or developmental stage (Table 2, 
bottom).
Secondary Defenses at All Stages. The logistic regression analysis indicated that the frequency of defensive reactions (i.e., escape and cryptic reactions) of T. aridifolia (Wald ϭ 54.7, df ϭ 1, P Ͻ 0.001; n ϭ 31) and H. patellifera (Wald ϭ 54.9, df ϭ 1, P Ͻ 0.001; n ϭ 26) was signiÞcantly affected by developmental stage. Defensive reactions were the main defensive strategy for Þrst, second, third, and fourth instars of T. aridifolia and that for Þrst, second, and third instars of H. patellifera. The frequency of aggressive reactions (i.e., deimatic and attack reactions) tended to increase with developmental stage after the Þfth instar of T. aridifolia (Fig. 4A ) and after the fourth instar for H. patellifera (Fig. 4B) . Secondary defenses of both species shifted from defensive to aggressive reactions at the sixth instar (Table 3, top) .
The defensive reaction of S. maculata (i.e., escape reaction) was the main defensive strategy for all larval stages. Aggressive reactions were not observed for any stage (Wald ϭ 0.0, df ϭ 1, P Ͼ 0.05; n ϭ 22 ( Fig. 4C ; Table 3 , bottom).
Discussion
The young instar nymphs of T. aridifolia and H. patellifera displayed cryptic reactions as primary defenses, regardless of the mantidÐfoe distance. The primary defenses of young instar nymphs take advantage of their minute size, allowing them to remain inconspicuous. The cryptic reaction Þts these conditions perfectly (Balderrama and Maldonado 1973) . Thus, the strategy of small and inconspicuous young instar nymphs adopting a cryptic posture is probably more adaptive than attempting escape from attack by natural enemies.
Defensive reactions (i.e., escape and cryptic reactions) were primarily observed as secondary defenses in the young instar nymphs of T. aridifolia, H. patellifera, and S. maculata. Aggressive reactions were not observed in young instar nymphs. Similarly, Crane (1952) did not observe a startle display in young instar nymphs of Sphodromantis lineola (Burmeister) and was unable to elicit this behavior from early stages. Furthermore, the defensive system in young instar nymphs of S. biocellata was permanently Þxed at only one type of reaction, namely, the cryptic reaction, even at extremely close distances to a natural enemy (Balderrama and Maldonado 1973) . In our study, the escape reaction in young instars tended to occur more frequently in the small mantid species. The difference in defensive reactions between large and small insects was probably due to the relationship between speed of response and body size: small insects can run or ßy so quickly that a predator may be unable to catch them, whereas large insects may need to warm up their wing muscles before they can ßy, and their initial movement is much slower because of their bulk (Edmunds 1972 (Edmunds , 1976 Liske et al. 1999) .
The frequency of aggressive reactions as secondary defenses in T. aridifolia and H. patellifera tended to increase with developmental stage. Crane (1952) found that all mantids that performed a deimatic display remained untouched by Neotropical monkeys and lizards; however, all mantids that failed to display were eaten. The sudden appearance of bright colors on the abducted and ßexed forelegs may startle a predator and cause it to postpone further prey-catching movements (Crane 1952) . The three mantid species used in our experiments have conspicuous marks on the forelegs and bright colors on the ventral thorax. Moreover, these marks become more conspicuous with older developmental stage. Thus, an aggressive strategy toward a natural enemy may be more adaptive than a defensive strategy is in more mature developmental stage. However, S. maculata, the smallest of the three species of mantids examined here, did not display aggressive reactions at any stage. In the deimatic reaction, the animal suddenly increases its apparent size and displays a colored pattern that seems to frighten birds (Marlonado 1970) . Thus, we suggest two reasons to explain why this species did not switch a At the long mantidÐfoe distance, the head of the mantid was directed downward on a screen, and the distance from the base was 10 cm. b At the short mantidÐfoe distance, the head of the mantid was directed downward on a screen, and the distance from the base was 5 cm.
defensive strategies with developmental stage. First, it is reasonable to assume that this display will only have a frightening effect if the mantid is large enough (Balderrama and Maldonado 1973) . Second, it seems that defensive strategies of mantid species living in different habitats are different. S. maculata tends to be ground-dwelling and predation pressure by birds may be lower than the other two species. Moreover, arboreal species H. patellifera is exposed to higher predation pressure by birds than other two species. It has the most conspicuous marks on the forelegs and bright colors on the ventral thorax among the three species of mantids. During the development of T. aridifolia and H. patellifera, the cryptic reaction was eventually replaced by the subcryptic reaction as the primary defense, the timing of which depended on the mantidÐ foe distance. Mantids tended to display the cryptic reaction more frequently at the long mantidÐfoe dis- Fig. 4 . Frequency (percentage) of aggressive and defensive reactions as secondary defenses in relation to larval developmental stage in three mantid species: T. aridifolia (n ϭ 31; A), H. patellifera (n ϭ 26; B), and S. maculata (n ϭ 22; C). Reactions were categorized as escape or cryptic, subcryptic, deimatic, or attack reactions. These reactions were further divided into defensive reactions (i.e., escape, cryptic, and subcryptic) and aggressive reactions (i.e., deimatic and attack). Curves were calculated from the results of logistic regression analysis. L1, L2, L3, L4, L5, L6, L7, and A indicate Þrst-, second-, third-, fourth-, Þfth-, sixth-, and seventh-instar nymphs and adults, respectively. tance compared with the short mantidÐfoe distance. We suggest two reasons to explain why mantids switch defensive strategies depending on the mantidÐfoe distance. First, in young instar nymphs, adopting a cryptic posture is more effective against a natural enemy at long distances (Balderrama and Maldonado 1973) . Second, if the distance from the natural enemy is short, it is necessary to immediately take a counteroffensive posture when discovered. However, switching from the cryptic posture as a primary defense to the deimatic posture as a secondary defense may be disadvantageous, as the two positions differ substantially ( Fig. 2B and D) . The subcryptic reaction as a primary defense may serve as a precursor to switching to aggressive reactions as a secondary defense. Indeed, the sub-cryptic reaction and aggressive reaction both increased with developmental stage in T. aridifolia and H. patellifera ( Fig. 4A and B) . However, S. maculata did not switch defensive strategies based on the mantidÐfoe distance.
Our study offers the Þrst analysis in which primary and secondary defenses are tested separately as defensive strategies of mantids. We demonstrated that the defensive strategies of each mantid changed with developmental stage. Mantids shifted their primary defensive reactions from cryptic to subcryptic depending on the mantidÐfoe distance. Moreover, the defensive strategies of the three mantid species that varied in both body size and habitat were distinct. The various factors serving as the mechanisms of adaptive defense strategies in mantid evolution clearly warrant further investigation. 
